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Abstract
In  our  continuing  attempts  to  understand  theoretically  various  surface 
properties such as corrosion and potential catalytic activity of actinide surfaces in 
the presence of environmental gases, we report here the first ab initio study of  
molecular adsorption on the double hexagonal packed (dhcp) americium (0001) 
surface. Specifically, molecular oxygen adsorption on the (0001) surface of dhcp 
americium  (Am)  has  been  studied  in  detail  within  the  framework  of  density 
functional  theory using a full-potential  all-electron linearized augmented plane 
wave plus local orbitals method (FP-L/APW+lo). Dissociative adsorption is found 
to  be  energetically  more  favorable  compared  to  molecular  adsorption. 
Chemisorption  energies  were  optimized  with  respect  to  the  distance  of  the 
adsorbates from the  surface  for  three  approach positions  at  three adsorption 
sites, namely t1 (one-fold top), b2 (two-fold bridge), and h3 (three-fold hollow) 
sites.  Chemisorption energies were computed at the scalar-relativistic-no-spin-
orbit-coupling (SR-NSOC) and at the fully-relativistic-with-spin-orbit-coupling (FR-
SOC) levels of theory. The most stable configuration corresponds to a horizontal 
approach molecular dissociation with the oxygen atoms occupying neighboring 
h3 sites, with chemisorption energies at the NSOC and SOC theoretical levels 
being 9.395 eV and 9.886 eV, respectively. The corresponding distances of the 
oxygen molecule from the surface and oxygen – oxygen distance were found to 
be  0.953  Å  and  3.731  Å,  respectively.  Overall  our  calculations  indicate  that 
chemisorption  energies  in  cases  with  SOC are  slightly  more  stable  than  the 
cases  with  NSOC in  the  0.089-0.493 eV range.  The work  functions  and net 
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magnetic moments respectively increased and decreased in all cases compared 
with  the  corresponding  quantities  of  the  bare  dhcp  Am (0001)  surface.  The 
adsorbate-substrate interactions have been analyzed in detail using the partial 
charges inside the muffin-tin spheres, difference charge density distributions, and 
the local density of states. The effects, if  any,  of chemisorption on the Am 5f 
electron localization-delocalization characteristics in the vicinity of the Fermi level 
are also discussed. 
Keywords: Density Functional Theory; Molecular and Dissociative Adsorption; Double 
Hexagonal Close Packed Americium; Molecular Oxygen. 
PACS: 71.20.-b; 68.35.-p; 71.27.+a; 68.43.-h
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1 Introduction 
Surface chemistry and physics have been and continue to be very active 
fields of research because of the obvious scientific and technological implications 
and consequent importance of such research [1].  One of the  many motivations 
for this burgeoning effort has been the desire to understand surface corrosion, 
metallurgy and catalytic activity in order to address environmental concerns. In 
particular,  such efforts  are important for  the actinides, for  which experimental 
work is relatively difficult to perform due to material problems and toxicity. Some 
of the actinides are among the most complex of long-lived elements, and in the 
solid state, display most unusual behaviors of any series in the periodic table. 
Plutonium (Pu),  for  instance,  has  a  relatively  low  melting  temperature,  large 
anisotropic thermal expansion coefficients, very low symmetry crystal structures 
at low temperatures, and many solid-to-solid phase transitions as a function of 
temperature. On the other hand, americium (Am) exhibits solid-to-solid phase 
transitions as a function of pressure, with the high pressure phases having low 
symmetry crystal structures. Radioactive and highly electropositive, the actinides 
are characterized by the gradual filling of the 5f electron shell with the degree of 
localization increasing  with  the  atomic number Z  along the last  series  of  the 
periodic  table.  The light  actinides, from thorium to  plutonium, are believed to 
have  itinerant  5f electrons  participating  in  metallic  bonding  and  the  heavier 
actinides continuing from americium have localized 5f electrons. The open shell 
of  the 5f electrons determines the magnetic  and solid state properties of  the 
actinides  and  their  compounds.  However,  these  properties  of  the  actinides, 
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particularly  the  transuranium  actinides,  are  still  not  clearly  understood.  This 
stems primarily from the inherent difficulty in understanding the delocalization-to-
localization transition in the behavior of the 5f electrons as one proceeds from Pu 
to  Am  and  the  dramatic  increase  in  atomic  volume.  The  actinides  are  also 
characterized by the increasing prominence of relativistic effects and their study 
can, in fact, give us an in depth understanding of the role of relativity throughout 
the periodic table [2-8].     
Among the transuranium actinides, the unique electronic properties of the 
manmade Americium (Am) metal, which was first successfully synthesized and 
isolated  at  the  wartime  Metallurgical  Laboratory  [9],  have  received  increased 
interests recently, from both scientific and technological points of view. As stated 
above, Am occupies a central position in the actinide series in our understanding 
of the behavior of the 5f electrons. It is widely believed, as mentioned above, that 
the properties and the behavior of the 5f electrons change dramatically starting 
from  somewhere  between  Pu  and  Am.  As  a  result,  a  large  number  of 
experimental  and  theoretical  works  have  been  done  in  recent  years  to  gain 
insight into the structural and electronic properties of Am. We have listed only 
some of the representative works in Refs. 10-27. Critical and important questions 
related  to  Am  are  phase  transitions  with  increasing  pressure, 
localization/delocalization behavior of the  5f  electrons, and  possible  magnetism 
of  the  different  phases.  We  have  discussed  these  issues  and  the  relevant 
literature, in detail, in our previous work on the quantum size effects in fcc and 
dhcp Am [28]. In particular, the anti-ferromagnetic state with spin-orbit coupling 
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was found to be the ground state of  dhcp Am with  the  5f  electrons primarily 
localized and the surface energy and work function of the of the dhcp Am(0001) 
surface were predicted to be 0.84 J/m2  and 2.90eV. Quite recently, we studied 
the adsorption of atomic hydrogen and oxygen of the (0001) surface of dhcp Am 
[29].  As  a  continuation  of  our  systematic  density  functional  studies  of 
environmental gas interactions with actinide surfaces [30], we report, in this work, 
the  adsorption  and  possible  dissociation  of  molecular  oxygen  on  the  (0001) 
surface of dhcp Am. Our aim is to identify chemically stable binding sites, probe 
the  adsorbate-induced  changes  in  the  surface  electronic  and  magnetic 
structures, and the corresponding effects of such changes, if any, on the Am 5f 
electron localization-delocalization. To the best of our knowledge, no such study 
exists in the literature, though, as mentioned in our previous works, an effective 
way to  probe the actinides’  5f  electron properties and their  roles in  chemical 
bonding is a study of their  bare surface properties and atomic and molecular 
adsorptions on them.  
2 Computational Method
      All  calculations  have  been  performed  within  the  generalized  gradient 
approximation  to  density  functional  theory  [31]  using  the  Perdew-Burke-
Ernzerhof  (PBE)  formulation  for  the  exchange-correlation  functional  [32].  The 
Kohn-Sham  equations  were  solved  using  the  full-potential  linear  augmented 
plane  wave  plus  local  basis  (FP-LAPW+lo)  method  as  implemented  in  the 
WIEN2k code [33]. This method makes no shape approximation to the potential 
or the electron density. 
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Within  the  FP-LAPW+lo  method,  the  unit  cell  is  divided  into  non-
overlapping  muffin-tin  spheres  and  an  interstitial  region.  Inside  the  muffin-tin 
sphere of radius RMT,  the wave functions are expanded using radial  functions 
(solutions  to  the  radial  Schrödinger  equation)  times  spherical  harmonics  with 
angular  momenta  up  to wflmax =10.  Non-spherical  contributions  to  the  electron 
density and potential inside the muffin tin spheres were considered up to potlmax =6. 
APW+lo basis were used to describe  s, p, d,  and  f (l  = 0, 1, 2, 3) states and 
LAPW basis were used for all higher angular momentum states in the expansion 
of the wave functions. Additional local orbitals (LO) were added to the 2s semi-
core  states  of  O  and  the  6s,  6p semi-core  states  of  Am  to  improve  their 
description. 
The  radii  of  the  muffin-tin  spheres  used  were  RMT(O)  =  1.1  Bohr  and 
RMT(Am) = 2.2 Bohr. The truncation of the modulus of the reciprocal lattice vector 
used for the expansion of the wave function in the interstitial region KMAX, was set 
to  RMTKMAX =  8.5  for  the  clean  slab  and  RMT×KMAX =  4.25  for  the  slab-with-
molecule, where RMT denotes the smallest muffin-tin radius, that is,  RMT  = 2.2 
Bohrs  for  the bare  slab and RMT  = 1.1  Bohrs for  the  slab-with-molecule (this 
ensures that KMAX is the same each case). 
In the WIEN2k code, core states are treated at the fully relativistic level. 
Semi-core and valence states are treated at either the scalar relativistic level, i.e., 
no  spin-orbit  coupling  (NSOC)  or  at  the  fully  relativistic  level,  i.e.,  spin-orbit 
coupling (SOC) included. Spin-orbit interactions for semi-core and valence states 
are  incorporated  via  a  second  variational  procedure  [34]  using  the  scalar 
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relativistic  eigenstates  as  basis,  where  all  eigenstates  with  energies  below a 
cutoff  energy of  4.5 Ry were included, with  the so-called  2/1p  extension [35], 
which accounts for the finite character of the wave function at the nucleus for the 
2/1p  state.  The spin quantization axis  for  the magnetic SOC calculations was 
along  the  [001]  direction.  We  considered  both  NSOC  and  SOC  cases  to 
investigate spin-orbit coupling effects on chemisorption energies. We have used 
this method extensively in some of our previous works on actinide surfaces [28-
30].
The dhcp-Am (0001) surface was modeled by a supercell consisting of a 
periodic 6-layer slab with a (2×2) surface unit cell and a vacuum 30 a.u. thick 
(Fig.1). In accordance with our previous findings [29],  we have used an AFM 
configuration for the slab which consists of alternating ferromagnetic layers of up- 
and down-spin atoms along the c-axis. The relaxation of the surface was carried 
out  in  two  steps:  first,  bulk  dhcp  Am  was  optimized  followed  by  surface 
optimization.  The atomic  volume of  bulk  dhcp Am was  expressed in  terms a 
single lattice constant by constraining the ratio c/a to match experimental value. 
More precisely, the ratio c/a was set to 3.2 (experimental ratio) and the volume V 
was  expressed  in  terms  of  only  a. Then  the  total  energy  E (for  an  AFM 
configuration)  was  computed  for  several  variations  of  V.  The energy  versus 
volume E-V fit via Murnaghan's equation of state [36] generated an equilibrium 
volume  Vo =  208.6  (a.u.)3  and  B  =  25.4  GPa.  The  equilibrium  volume  Vo 
corresponded to a=6.702 a.u. The experimental values are 198.4 (a.u.)3  or 197.4 
(a.u.)3  corresponding to a=6.56 a.u. and 29.7 GPa [11.15, 37]. 
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Using the  optimized  lattice  constants,  that  is, a=6.702  a.u.  and  c  = 
3.2a, a 2x2 hexagonal surface unit cell for (0001) orientation is constructed. Then 
the surface unit cell  is used to build the slab with 6 atomic layers and 30 a.u. 
vacuum.  Furthermore,  the  slab  was  built  to  have  inversion  symmetry  for 
computational efficiency. The interlayer spacing between the surface unit cells in 
the slab above corresponded to a bulk spacing of d0= c/4. To relax the slab, the 
two central layers were fixed at the bulk positions and the 2 outermost layers 
(this  is  the  same  from  both  sides  of  the  central  slab  because  of  inversion 
symmetry) were allowed to relax. Specifically, the relaxation was performed by 
minimizing  the  total  energy  with  respect  to  d12,  the  separation  between  the 
central  and  subsurface  layers,  and  d23,  the  separation  distance  between  the 
subsurface and surface layers. Variations of -4%, -2%, 0%, 2%, 4%, measured in 
terms of the bulk interlayer spacing  d0 for d12 and d23 was used, resulting in a 5x5 
grid for the energy computation. The amount of relaxations (Fig.2) obtained were 
Δd12/d0 = 0% and Δd23/d0 = 2%, with the reduction in the total energy of the slab 
being 2.19 mRy. The small relaxations and reduction in the total energy indicate 
the general stability of the surface. 
Integrations  in  the  Brillouin  zone (BZ)  have  been  performed using  the 
special  k-points sampling method with a temperature broadening of the Fermi 
surface by the Fermi distribution, where a broadening parameter of KBT = 0.005 
Ry has been used. The temperature broadening scheme avoids the instability 
from level crossings in the vicinity of the Fermi surface in metallic systems and 
also reduces the number of k-points necessary to calculate the total energy of 
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metallic systems [38]. For the present work, a 6×6×1 k-mesh density (18 k-points 
in the irreducible part of the BZ) was deemed to be sufficient. Self-consistency 
was achieved when the total energy variation from iteration to iteration was 0.01 
mRy or lower. 
  To  study  adsorption  on  the  relaxed Am  surface,  the  admolecule, 
corresponding  to  a  surface  coverage  of  Θ  =  1/4  of  a  monolayer  (ML),  was 
allowed to approach the surface from both sides to preserve inversion symmetry. 
Three high symmetry adsorption sites were considered: (i) one-fold top site t1 
(admolecule  is  directly  on  top  of  a  Am  atom)  (ii)  two-fold  bridge  site  b2 
(admolecule is placed in the middle of two nearest neighbor Am atoms); and (iii) 
three-fold hollow hcp site h3 (admolecule sees a Am atom located on the layer 
directly below the surface layer). For each of these three adsorption sites, three 
approaches  of  the  O2 molecule  towards  to  the  surface  were  considered:  (a) 
approach vertical to the surface (Vert approach); (b) approach parallel to a lattice 
vector  (Hor1  approach);  (c)  approach  perpendicular  to  a  lattice  vector  (Hor2 
approach). It is obvious that for both the horizontal approaches the atoms of the 
oxygen molecule are at the same distance from the americium surface, whereas 
for the vertical approach one oxygen atom is closer to the surface than the other. 
With  these  choices  of  the  surface  and  the  ad-molecule,  the  oxygen-oxygen 
interaction between cell repetitions is not expected to be significant. 
For geometry optimizations, the distances of the oxygen atoms from the 
surface  (Rd)  and  the  distance  between  the  oxygen  atoms  (Ro)  were 
simultaneously optimized. The chemisorption energy EC is given by:
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 EC(Rd, Ro) = 1/2 [E(Am) + 2E(O2) –E(Am+O2)], 
where E(Am) is the total energy of the bare Am slab, E(O2) is the total energy of 
the oxygen molecule at the optimized bond length of 1.217Å, and E(Am+O2) is 
the total energy of the slab-with-molecule. Thus a positive value of  CE  implies 
chemisorption  and  a  negative  value  implies  otherwise.  To  calculate  the  total 
energy of the ad-molecule, the molecule was fully relaxed in a large box of side 
30 Bohr and at the Г k-point, with all other computational parameters remaining 
the same. 
We  wish  to  note  here  that  no  additional  relaxations  were  taken  into 
account primarily because of the all-electron nature of the calculations and the 
consequent extreme computational effort required. Also, from our recent findings 
[29],  the difference in  chemisorption energies between the system where  the 
adatom and the surface layer of the Am slab were relaxed simultaneously and 
the system where only the adatom was relaxed with the Am slab being fixed, was 
found to be of the order of 0.03 eV with no change in site preferences as far as 
chemisorption was concerned. Thus we expect that surface relaxation effects 
during adsorption will not be significant in our molecular adsorption study also 
and will  not alter our results qualitatively,  if not quantitatively.  Also, our recent 
studies on adsorption on the δ-Pu surface [30] indicated that spin-orbit coupling 
has negligible effect on adsorption geometry but the binding was slightly stronger 
with the chemisorption energies increasing by 0.05 to 0.3 eV. Though we have 
not verified this explicitly for the dhcp Am (0001) surface, we expect the same 
trend to  hold  true here.  Hence in  the current  calculations,  the geometry was 
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optimized  at  the  NSOC level  and  the  final  geometry  was  used  for  the  SOC 
calculation to study the effects of spin-orbit coupling on the adsorption energies.
3 Results and discussions
Table  1  lists  the  adsorption  energies  and  the  associated  geometrical 
parameters of the oxygen molecule adsorbed on the (0001) surface of dhcp-Am. 
The differences between the NSOC and SOC chemisorption energies at each 
adsorption site, given by ΔEc = Ec(SOC) – Ec(NSOC), are also listed. We first 
discuss the Vert approach, where the oxygen molecule approaches the surface 
at the three different adsorption sites in the vertical molecular orientation. Fig. 3 
has the optimized O2 chemisorbed geometries of the americium surface for the 
Vert approach at the three different adsorption sites. As listed in Table 1 for the 
Vert approach, the distances from the americium surface (Rd) are 2.117 Å, 1.323 
Å, and 0.529 Å and the equilibrium O – O bond lengths (RO) are 1.267 Å, 1.418 Å 
and 1.821 Å for the three adsorption sites t1, b2 and h3, respectively. The most 
stable site is the three-fold hollow h3 site (3.315 eV for the NSOC case, 3.668 eV 
for SOC case), followed by the two-fold b2 site (2.638 eV for the NSOC case, 
2.811 eV for SOC case), with the least favorable site being the one-fold t1 (1.979 
eV for  the  NSOC case,  2.068 eV for  SOC case).  The distance between the 
americium surface and O2 molecule clearly shows that at the least stable t1 site, 
the admolecule is furthest away from the surface (2.117 Å) followed by the next 
stable b2 site (1.323 Å), with the distance being the smallest (0.529 Å) for the 
most stable h3 site. 
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It follows from the above discussions that increasing stability at both the 
NSOC and SOC cases implies decreasing vertical distance of the O2 molecule 
from the surface layer.  Also increasing stability implies increasing admolecule 
coordination number at both theoretical levels, that is, the O2 molecule prefers to 
bind at  the maximally coordinated three-fold hollow h3 site. The O – O bond 
lengths for the Vert approach at the three adsorption sites shows that at none of 
the adsorption sites the O2 molecule tends to dissociate Even though the O2 
molecule is stretched maximally at the most favorable h3 site (1.821 Å), it cannot 
be considered as dissociated species.  All chemisorption energies for the Vert 
approach  indicate  that  binding  is  slightly  stronger  with  the  inclusion  of  SOC 
compared  to  the  NSOC  case.  As  mentioned  above,  the  SOC-NSOC 
chemisorption energy differences ΔEc are also listed in Table 1; ΔEc is minimum 
at the least stable t1 site (0.089 eV), followed by the next stable b2 adsorption 
site (0.173 eV), with the most stable h3 adsorption site having a ΔEc of 0.353 eV. 
Next we discuss adsorption corresponding to the Hor1 approach, where 
the O2 molecular orientation is parallel to a lattice vector. In this case, the atoms 
of the oxygen molecule are at the same distance from the americium surface and 
Rd is measured from the center of mass of the O2 molecule to the surface. Fig. 4 
shows the optimized O2 chemisorbed geometries on the americium surface for 
the Hor1 approach at the three different adsorption sites. It is known [39-41] that 
the probability of dissociation of gas molecules on metal surfaces is higher when 
the molecules are oriented horizontally/parallel  with  respect  to  the surface as 
compared  to  the  case  where  the  molecules  are  oriented 
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vertically/perpendicularly. This was also found to be true for our Am-O2 system, 
where  the  molecule  completely  dissociates  for  the  Hor1  approach  as  clearly 
shown in Fig. 4. Each subfigure is labeled A   B + C, where A is the initial 
adsorption site (the center of mass of the O2 was initially placed at this site) and 
B and C are the final adsorption sites (each atom of the dissociated molecule sits 
at this site). Throughout this manuscript, we will use this notation to describe all 
dissociated configurations. The three dissociated configurations corresponding to 
the three initial adsorption sites t1, b2 and h3 are: (a) t1  b2 + b2; (b) b2  t1 + 
t1; (c) h3  b1 + b1, respectively. In Fig. 4(c), the site b1 in transition h3  b1 + 
b1, is the bridge site derived from the bond between an atom on the surface layer 
and  an  atom  on  the  sub-surface  layer  and  as  such  is  one-fold  coordinated 
whereas the site b2 is a bridge site between two surface layer atoms, making it 
two-fold coordinated.  
As listed in Table I for the Hor1 approach, the distances of each O atom 
from the americium surface Rd  are 1.165 Å, 1.905 Å, and 1.587 Å and the O – O 
separations RO are 3.517 Å, 3.620 Å and 3.118 Å for the dissociated processes 
t1   b2 + b2, b2   t1 + t1 and h3   b1 + b1, respectively.  Regarding the 
chemisorption  energies,  the  most  stable  configuration  is  the  t1   b2  +  b2 
dissociation (8.681 eV for the NSOC case, 9.191 eV for SOC case), followed by 
the h3  b1 + b1 dissociation (6.564 eV for the NSOC case, 7.057 eV for SOC 
case), with the least favorable site being b2  t1 + t1 (5.472 eV for the NSOC 
case,  5.861  eV  for  SOC  case).  Similar  to  the  trend  for  the  Vert  approach, 
increasing stability at both the NSOC and SOC cases implies decreasing vertical 
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distance of the O2 molecule from the surface layer. Analogous to case of Vert 
approach,  the  chemisorption  energies  for  the  Hor1  approach  indicates  that 
binding is slightly stronger with  the inclusion of SOC compared to the NSOC 
case. The SOC-NSOC chemisorption energy differences ΔEc are also listed in 
Table 1; ΔEc is minimum at the least stable b2  t1 + t1 dissociation (0.389 eV) 
closely followed by the next stable h3  b1 + b1 dissociation (0.493 eV), with the 
most stable t1   b2 + b2 dissociation having the largest difference of ΔEc = 
0.510 eV.
For the Hor2 approach, where the O2 molecular approach is horizontal but 
perpendicular to a lattice vector, the adsorption process is dissociative. The final 
adsorption configurations are shown in Fig. 5. Again Rd is measured from the 
center of mass of the molecule to the surface. As labeled in Fig. 5, the following 
dissociative configurations were observed: (a) t1  h3 + h3; (b) b2  h3 + f3; (c) 
h3  t1 + b2.  It should be noted that in Fig. 5(b) the site f3 corresponds to the 
three-fold hollow fcc site. The f3 site was not considered as an initial adsorption 
site  since  our  previous  calculations  [30,42]  have  clearly  indicated  that 
chemisorption energies at  the h3 and f3 sites are nearly degenerate and the 
geometry (specifically the distance from the surface) is almost identical. This is 
mainly due to the fact that the h3 and f3 sites have the same local environment 
(both  are  three-fold  coordinated)  except  that  their  relative  positions  on  the 
surface are different.  Thus one hollow site h3 was deemed sufficient  for  this 
work. Also, we note that a proper inclusion of the f3 site requires nine layers with 
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36 Am atoms and an all electron calculation would be computationally prohibitive 
without generating physically meaningful results. 
As listed in Table I, the distances from the americium surface Rd are 0.953 
Å, 0.636 Å, and 1.589 Å and the O – O bond lengths (RO) are 3.731 Å, 2.183 Å 
and 2.569 Å for the three dissociation processes t1  h3 + h3, b2  h3 + f3, and 
h3   t1  +  b2  respectively.  The  most  energetically  stable  configuration 
corresponded to the t1   h3 + h3 dissociation (9.395 eV for the NSOC case, 
9.886 eV for SOC case), followed by the dissociation b2  h3 + f3 (8.972 eV for 
the NSOC case, 9.456 eV for SOC case), with the least energetically favorable 
configuration being the dissociation h3  t1 + b2 (5.615 eV for the NSOC case, 
6.084 eV for SOC case). For the most favorable configuration for Hor2 approach, 
t1  h3 + h3, which is also the most favorable configuration among all the three 
approaches, we also studied the reaction pathway for the dissociation of oxygen 
molecule to the most stable hollow sites and no existence of any energy barrier 
was found. Unlike the trends for the Vert and Hor1 approach, increasing stability 
at both the NSOC and SOC cases does not necessarily imply decreasing vertical 
distance of the O2 molecule from the surface layer. However, as observed for the 
Vert  and  Hor1  approach,  the  chemisorption  energies  for  the  Hor2  approach 
indicate that binding is slightly stronger with the inclusion of SOC compared to 
the NSOC case. The SOC-NSOC chemisorption energy differences ΔEc are also 
listed in Table 1; ΔEc is minimum at the least stable h3  t1 + b2 configuration 
(0.469 eV) closely followed by the next stable b2  h3 + f3 configuration (0.484 
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eV), with the most stable t1  h3 + h3 configuration having an SOC-NSOC ΔEc 
= 0.491 eV. 
In Table 2, the adsorbate-induced work function changes with respect to 
the clean metal surface, given by ΔΦ = Φadmolecule/Am – ΦAm, are listed at the NSOC 
and SOC cases for each adsorbate and each adsorption site. For Vert approach 
high chemisorption energies generally correspond to high work function shifts. In 
fact, the changes in the work functions are largest at the most preferred h3 site 
and lowest at the least preferred adsorption site t1. This though is not true for the 
Hor1  and  Hor2  approaches.  For  Hor1  and  Hor2  approaches,  we  find  that 
dissociative  configurations  with  high  chemisorption  energies  generally 
correspond to low work function shifts. For Hor1 approach, the changes in the 
work functions are largest  at  the least  preferred b2 t1+t1 configuration and 
lowest  at  the  most  stable  t1 b2+b2  configuration.  For  Hor2  approach,  the 
change in the work functions is similar to the Hor1 approach, with the largest 
corresponding to the least preferred h3 t1+ b2 configuration and lowest change 
corresponding to the most preferred t1  h3 + h3 configuration. 
The adsorbate-induced work function shifts can be understood in terms of 
the surface dipoles arising due to the displacement of electron density from the 
substrate towards the adsorbates since the electronegativity of O is much larger 
than that of Am. The surface dipole moment μ (in Debye) and the work function 
shift ΔΦ (in eV) are linearly related by the Helmholtz equation ΔΦ =12ΠΘμ/A, 
where A is the area in Å2 per (1×1) surface unit  cell  and Θ is the adsorbate 
coverage in monolayers. For each of the approaches, Vert, Hor1 and Hor2, and 
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each adsorption configuration, the calculated work function shifts at the NSOC 
case are found to be slightly larger than that at the SOC case. 
In  Table  3,  the  magnitudes  and  alignments  of  the  site  projected  spin 
magnetic moments for each Am atom on the surface atomic layer are reported 
for the clean and adsorbate-covered surfaces. Spin moments were quoted only 
for  the  Am  atoms  on  the  surface  layer  because  the  major  changes  in  the 
moments after chemisorption occurred on that layer and very little or no changes 
were observed on the subsurface and central layers. This stems primarily from 
the fact  that the oxygen molecule interacts mainly with the Am atoms on the 
surface  layer.  Also,  the  spin  moments  reported  correspond  to  the  SOC 
calculations.  NSOC  moments  follow  a  similar  qualitative  trend  and  are  not 
reported here. For each adsorption site, the spin moment of the closest neighbor 
surface layer Am atoms with which the admolecule primarily interacts is indicated 
in bold fonts in the Table 3. 
For the Vert approach, we see reductions of 0.28 μB for the adsorption site 
t1, 0.20 μB for each of the two atoms for the adsorption site b2 and 0.20 μB for 
each of the three atoms for the adsorption site h3 in the spin moment of the Am 
atom. The moments of the remaining Am atoms which are not bonded to the 
oxygen  molecule  remain  basically  unaltered  when  compared  to  the  clean 
surface. For the Hor1 approach, we see spin magnetic moment reductions of 
0.60  μB and  0.55  μB for  the  two  Am  atoms  for  the  t1b2+b2  dissociative 
configuration,  0.68  μB for  each  of  the  two  Am  atoms  for  the  b2 t1+t1 
dissociative  configuration,  and 0.62 μB for  each of  the two Am atoms for  the 
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h3b1+b1 dissociative configuration. Finally for the Hor2 approach, we see spin 
magnetic moment reductions of 0.59 μB for one Am atom and 0.26 μB for two Am 
atoms for the t1 h3+h3 dissociation; 0.27 μB, 0.26 μB and 0.31 μB for the three 
Am atoms for the b2 h3+f3 dissociation, and 0.82 μB for one Am atom and 0.21 
μB for two Am atoms for the h3 t1+b2 dissociation. In all cases, the moments in 
the interstitial region also decreased after chemisorption. The reduction in the Am 
magnetic moments after chemisorption is attributed to the transfer of charge from 
Am to O as predicted by the work function increase after chemisorption.  
The nature of the APW+lo basis allows us to decompose the electronic 
charges inside the muffin-tin  spheres  into  contributions from different  angular 
momentum  channels.  These  charges  are  referred  to  as  partial  charges. 
Comparing the partial charges QB of the Am layers and the adsorbates before 
adsorption to the corresponding partial charges QA after adsorption gives us an 
idea  of  the  nature  of  the  interaction  between  the  adsorbates  and  substrate. 
These are reported in Tables 4-6. For Am, only the  surface layer atoms were 
considered  as  no  significant  changes  were  observed  on  the  subsurface  and 
central layers. In each table, we have also reported the differential partial charge 
of the different angular momentum state l corresponding to a given atom given by 
ΔQ(l) = QA – QB. ΔQ(l)  > 0 indicates charge gain inside the muffin tin sphere 
while ΔQ < 0 indicates otherwise. ΔQ (l) may be loosely interpreted as a measure 
of  charge transfer.  In  Table 4,  QA,  QB, and ΔQ (l)  for  O2 molecule with  Vert 
approach adsorbed at the t1,  b2, and h3 adsorption sites respectively on the 
dhcp-Am (0001) surface are reported. For the one-fold t1 site, ΔQ (2p) = 0.05 e 
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and 0.01 e for the two O atoms, ΔQ (6d) = 0.09 and ΔQ(5f) = -0.14 e for the Am 
atom, implying Am(6d)-Am(5f)-O(2p) hybridizations. For the two-fold b2 site, ΔQ 
(2p) = -0.04 e and 0.05 e for the two O atoms, ΔQ(6d) = 0.03 e and ΔQ(5f) = 
-0.06 e for each of the two Am atoms, again suggesting the participation of the 
Am 5f electrons in chemical bonding with O. For the three-fold hollow h3 site, ΔQ 
(2p) = -0.07 e and 0.08 e for the two O atoms, ΔQ (6d) = 0.04 e and ΔQ (5f) = 
-0.07 e for each of the three Am atoms, which again suggests contributions of the 
Am 5f electrons to Am-O bonding. In Table 5, QA, QB, and ΔQ (l) for the  Hor1 
approach  corresponding  to  the  t1 b2+b2,  b2 t1+t1, and  h3 b1+  b1 
dissociations are shown. For the t1 b2+b2 dissociation, ΔQ (2p) = 0.06 e for 
the two O atoms, ΔQ(6d) = 0.13 e and ΔQ(5f) = -0.22 e for each of the two Am 
atoms,  which  like  the  case  for  Vert  approach,  implies  Am(6d)-Am(5f)-O(2p) 
interactions. For the  b2 t1+t1 dissociation,  ΔQ (2p)  = 0.02 e for the two O 
atoms, ΔQ (6d) = 0.23 e and ΔQ (5f) = -0.29 e for each of the two Am atoms, 
suggesting the participation of  the Am 5f electrons in Am-O bonding.  For the 
h3 b1+ b1 dissociation, ΔQ (2p) = 0.04 e for the two O atoms, ΔQ (6d) = 0.21 
e and ΔQ(5f) = -0.23 e for each of the two Am atoms, which again suggests 
contribution of the Am 5f electrons to Am-O chemical bonding. 
In Table 6, where the partial charges for the Hor2 approach are reported, 
we observe for the t1h3+h3 dissociation that, ΔQ (2p) = 0.07 e for the two O 
atoms, ΔQ(6d) = 0.02 e, 0.02 e and 0.13 e and ΔQ(5f) = -0.09 e, -0.09 e and 
-0.22 e for each of the three Am atoms, which like the previous cases for Vert 
and  Hor1  approaches,  imply  Am(6d)-Am(5f)-O(2p)  interactions.  For  the b2 
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h3+f3 dissociation, ΔQ (2p) = 0.11 e for the two O atoms, ΔQ(6d) = 0.06 e, 0.06 
e and 0.07 e and ΔQ(5f) = -0.11 e, -0.11 e and -0.09 e for each of the three Am 
atoms while for the h3 t1+b2 dissociation, ΔQ(2p) = 0.00 e and 0.06 e  for the 
two O atoms,  ΔQ(6d) = -0.03 e and 0.22 e and ΔQ(5f) = 0.04 e and -0.24 e for 
each of the two Am atoms. Overall, the partial charge analyses tend to suggest 
that some of the Am 5f electrons participate in chemical bonding. The question of 
whether all the 5f electrons are localized or not cannot, of course, be proven from 
the present  analysis.  We wish to stress that the partial  charges are confined 
inside the muffin tin spheres and do not give any information of the interactions 
between  the  atoms  in  the  interstitial  region.  Information  which  includes  the 
electronic  charges  in  interstitial  region  can  be  obtained  from  the  difference 
charge density distributions.
The nature of the bonds between the adsorbate and the Am atoms on the 
surface has been investigated by computing the difference charge density Δn(r) 
defined as follows:
Δn(r) = n(O2 + Am) – n(Am) – n(O2),
where  n(O2+Am) is  the  total  electron  charge density  of  the  Am slab  with  O2 
admolecule, n(Am) is the total charge density of the bare Am slab, and n(O2) is 
the total charge density of the admolecule. In computing n(O2) and n(Am), the 
admolecule O2 and  Am atoms are kept fixed at exactly the same positions as 
they were in the chemisorbed systems. All charge densities reported here were 
computed in the plane passing through the admolecule and one or two surface 
Am atoms using the Xcrysden utility [43]. We have reported the difference charge 
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density  plots  for  the  most  favorable  chemisorption  site  for  each  of  the 
approaches, Vert, Hor1 and Hor2 in Fig. 6. For the Vert approach, h3 was the 
most  favorable  adsorption  site  and  Δn was  computed  in  the  plane  passing 
through the two O atoms and the Am atom directly bonded to the O atom facing 
the  surface.  For  the  Hor1  approach,  the  most  stable  t1b2+b2 dissociated 
configuration is depicted. In this case  Δn was computed in the plane passing 
through the two dissociated O atoms and nearest neighbor Am atoms. Similarly 
for  the  Hor2  approach,  Δn  for  the  most  stable  t1h3+h3  dissociated 
configuration is shown. Again the plane passes through the two dissociated O 
atoms  and  neighboring  Am  atoms.  In  Fig.  6(a)  we  clearly  see  charge 
accumulation  around  the  oxygen  atom labeled  O2  and  a  strong  polarization 
towards the oxygen atom labeled O1. Also, significant charge loss around the 
Am atom bonded to the atom O2 implies that the Am-O bond has a strong ionic 
character, which is expected as the oxygen atom is more electronegative than 
Am. For the Hor1 approach corresponding to  t1b2+b2 in Fig. 6(b) and Hor2 
approach corresponding to  t1 h3+h3 in Fig. 6(c), the Am-O bonds are again 
largely ionic in character as significant charge accumulation around the O atoms 
can be observed. The difference charge density plots are fairly consistent with 
the  positive  changes  in  the  work  function  as  well  as  the  differential  partial 
charges reported in Tables 4-6. 
We  also  computed  the  local  density  of  states  (LDOS),  obtained  by 
decomposing the total density of the single particle Kohn-Sham eigenstates into 
contributions from each angular momentum channel  l  of the constituent atoms 
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inside the muffin tin spheres. Here, we have reported the LDOS for only the SOC 
computation,  the  LDOS  for  NSOC  calculations  yielding  a  similar  qualitative 
description. In Fig. 7, the Gaussian-broadened (with a width of 0.05 eV) f and d 
LDOS curves for each of the layers of the bare dhcp Am (0001) metal slab are 
shown. Clearly, we see well-defined peaks in the 5f electron LDOS in the vicinity 
of the Fermi level, which have also been observed for bulk dhcp-Am(0001), and 
tends  to  indicate  some  5f electron  localization  [28]. However,  this  statement 
should be viewed with caution because of the nature of the underlying theory, 
namely density functional theory and all 5f states are treated as band states. The 
occupied 5f electron states below the Fermi level also support this conclusion, In 
view of  our  previous  statement  about  the  participation  of  the  5f  electrons  in 
chemical  bonding,  we  believe  that  it  is  possible  that  some  5f  electrons  are 
localized and some are not. This question needs to be pursued in the future. We 
also note that the peak below the Fermi level centered on a binding energy of 1 
eV  below  the  level  instead  of  the  2.8  eV  observed  in  X-ray  and  ultraviolet 
photoemission spectra experiments [14,19].  In Fig. 8, we show the LDOS plots 
for the O2 molecule and the surface Am atoms after chemisorption for the Vert 
approach at the three different adsorption sites t1, b2 and h3. As there are four 
nonequivalent sites on the surface, we depict the LDOS for only the Am atom(s) 
directly bonded to the O2 molecule (or O atoms for the cases where the molecule 
dissociates) in order to assess the changes in DOS upon chemisorption. At the 
adsorption site t1, we note some modification in the Am 5f DOS just below the 
Fermi level in comparison to the 5f DOS of the bare surface. More specifically, 
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we observe some reduction in the 5f peak around at 0.5 eV below the Fermi 
level,  implying  the  participation  of  some 5f  electrons  participate  in  chemical 
bonding. 
We also observe an overlap of the Am 5f and 6d bands with the O 2p 
band in the -2 eV to 0 eV range, implying Am(5f)-Am(6d)-O(2p) hybridizations. 
We  believe  that  the  Am  5f  peak  located  at  1  eV  below  the  Fermi  level 
corresponds to bonding states, but it is not possible, at the level of theory used 
here, to quantify the amount of 5f electrons actually participating in bonding. The 
LDOS distributions for the b2 and h3 sites show some modifications in the 5f 
DOS below the Fermi level in comparison to the surface layer LDOS of the bare 
slab. In particular the splitting of the 5f band (about 1 eV below the Fermi level) 
broadens, implying that some of the 5f electrons participate in bonding. Similar to 
the  t1  site,  some Am(5f)-Am(6d)-O(2p)  admixture  are  clearly  evident  in  both 
cases.
In Fig. 9, we show the LDOS plots for the O atoms and the surface Am 
atoms after chemisorption for the Hor1 approach corresponding each of the three 
dissociated  configurations.  For  the  dissociation  process t1 b2+b2,  we  note 
some broadening of the Am 5f DOS just below the Fermi level in comparison to 
the bare  surface  layer  5f DOS. We also observe  some Am(5f)-Am(6d)-O(2p) 
hybridizations in the -5 eV to -3 eV range, implying that both the Am 5f and 6d 
orbitals contribute to  bonding.  The LDOS distributions for  the  b2 t1+t1 and 
h3 b1+ b1 dissociations show a slight reduction in the 5f DOS below the Fermi 
level,  with  the O 2p bonding state pushed to  slightly higher  binding energies 
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(when compared to the DOS for  t1 b2+b2), which naturally suggests slightly 
weaker binding as observed in the chemisorption energies. 
In Fig. 10, we show the LDOS plots for the dissociated molecule and the 
surface Am atoms after chemisorption for the Hor2 approach corresponding to 
the  t1 h3+h3,  b2 h3+f3,  and  h3 t1+  b2.  In  all  cases,  we  observe  a 
broadening in the 5f band peaks below the Fermi level when compared to the 
bare  surface.  Furthermore,  some  O(2p)  and  Am(6d,  5f)  hybridizations  are 
evident. We hasten to point out that overall, the Am 5f states for all  the Vert, 
Hor1, and Hor2 approaches show signatures of slight delocalization.  
4. Conclusions 
In  summary,  we  have  used  the  generalized  gradient  approximation  to 
density  functional  theory  with  the  full  potential  LAPW+lo  method  to  study 
chemisorption  of  oxygen  molecule  on  the  (0001)  surface  of  dhcp Am at  two 
theoretical  levels;  one with  no spin-orbit  coupling (NSOC) and the other  with 
spin-orbit coupling (SOC). The results at the two cases do not vary from each 
other significantly.  Dissociative adsorption of oxygen molecule is favored over 
molecular adsorption. For O2 adsorption, the one-fold t1 site with Hor2 approach 
was  found to  be the  most  stable  where  upon adsorption  of  the O2 molecule 
dissociated and two O atoms sit on two different three-fold h3 sites. The inclusion 
of  spin-orbit  coupling  lowers  the  chemisorption  energies  by  0.089-0.493  eV. 
Work functions increased in all cases compared to the clean Am surface, with the 
lowest  shift  corresponding  to  the  least  coordinated  t1  site  and  largest  shifts 
corresponding to the maximally coordinated hollow h3 site for the Vert and Hor2 
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approaches, while for Hor1 approach, this was not the case. Upon adsorption, 
the net spin magnetic moment of the chemisorbed system decreases in each 
case compared to the bare surface. The partial charge analyses illustrate that 
some of the Am 5f electrons participate in chemical bonding. Difference charge 
density distributions clearly show that bonds between the surface Am atoms and 
the oxygen molecule at each site is largely ionic in character. A study of the local 
density  of  states  showed  Am(6d)-Am(5f)-O(2p)  hybridizations  after 
chemisorption.  Overall, the Am 5f DOS below the Fermi Level become slightly 
delocalized after chemisorption. 
Finally, we expect chemisorption energies reported here to be higher than 
sthe  chemisorption  energies  obtained  from  a  theory  in  which  all  the  Am  5f 
electrons  are  treated  as  localized  states.  The  resulting  difference  in  the 
chemisorption energies can be used to gauge the degree of participation of the 
5f electrons in chemical bonding. Thus the chemisorption energies reported here 
can  be  used  as  upper  bounds  for  the  binding  energies  of  oxygen  on  dhcp 
americium surfaces.
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Table 1: Adsorbate geometry and adsorption energies at the different adsorption 
sites.  Ec is  the chemisorption energy,  Rd is  the perpendicular distance of  the 
oxygen molecule from the surface, RO is the O – O separation and D is Am-O 
nearest  neighbor  distance.  The  difference  between  the  SOC  and  NSOC 
chemisorption  energies  is  given  by  ΔEc =  Ec(SOC)  –  Ec(NSOC).  For  the 
dissociative configurations corresponding to the Hor1 and Hor2 approach, the 
site labeling A B+C refers to an initial adsorption site A and final dissociation 
adsorption sites B and C.
   
O2
Approach
  Site EC (eV)
 (NSOC)
EC (eV)
  (SOC)
Rd(Å) RO(Å) D (Å) ΔEC (eV) 
Vert
t1 1.979 2.068 2.117 1.267 2.117 0.089
b2 2.638 2.811 1.323 1.418 2.213 0.173
h3 3.315 3.668 0.529 1.821 2.115 0.353
Hor1
t1 b2+b2 8.681 9.191 1.165 3.517 2.109 0.510
b2 t1+t1 5.472 5.861 1.905 3.620 1.905 0.389
h3 b1+ b1 6.564 7.057 1.587 3.118 1.901 0.493
Hor2
t1 h3+h3 9.395 9.886 0.953 3.731 2.094 0.491
b2 h3+f3 8.972 9.456 0.636 2.183 2.079 0.484
h3 t1+ b2 5.615 6.084 1.589 2.569     1.762 0.469
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Table 2: Change in work function ΔΦ = Φadmolecule/Am  – ΦAm (in eV) for both the 
NSOC and SOC cases,  where  ΦAm is  work  function of  the bare surface and 
Φadmolecule/Am  is the work function of the surface-with-admolecule. ΦAm = 2.906 eV 
and 2.989 eV for the NSOC and SOC cases, respectively.
   
O2
Approach
Site     ΔΦ (eV)
      NSOC
     ΔΦ (eV)
       SOC
Vert
t1 1.951 1.945
b2 1.983 1.952
h3 2.053 2.027
Hor1
t1 b2+b2 1.103 1.005
b2 t1+t1 3.086 3.009
h3 b1+ b1 2.336 2.211
Hor2
t1 h3+h3 0.783 0.621
b2 h3+f3 0.884 0.719
h3 t1+ b2 2.294 2.187
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Table 3: Site projected SOC magnetic moments of surface Am atoms. µ (μB) is 
the site projected spin magnetic moments for the Am atoms at the surface layer 
of the bare slab and the chemisorbed systems. 
Site µ (μB) Site µ (μB) Site µ (μB)
Bare 
Slab
5.81, 5.81
5.81, 5.81
Vert
t1 5.53, 5.80
5.80, 5.80
Hor1
t1b2+b2 5.21, 5.26
5.80, 5.80
Hor2
t1 h3+h3 5.22, 5.55
5.55, 5.82
b2 5.61, 5.61
5.80, 5.80
b2 t1+t1 5.13, 5.13
5.80, 5.80
b2 h3+f3 5.54, 5.55
5.50, 5.80
h3 5.61, 5.61
5.61, 5.80
h3 b1+b1 5.19, 5.19
5.80, 5.80
h3 t1+b2 4.99, 5.60
5.60, 5.80
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Table 4: Distribution of partial charges of O and Am inside the muffin tin sphere 
at the t1, b2 and h3 sites for the Vert approach for oxygen molecule. QB and QA 
are the partial charges inside the muffin tin spheres before adsorption and after 
adsorption respectively. ΔQ = QA – QB is the difference between partial charges. 
Results correspond to the SOC case. The surface layer Am atoms bonded to O 
atoms are given in bold fonts.
Vert
approach
Partial charges in muffin-tin
ΔQ = QA – QBBefore adsorption QB After adsorption QA
O p Am d Am f O p Am d Am f O p Am d Am f
t1
2.03 2.08 0.05
2.03 2.04 0.01
0.27 5.85 0.27 5.88 0.00 0.03
0.27 5.85 0.27 5.88 0.00 0.03
0.27 5.85 0.36 5.71 0.09 -0.14
0.27 5.85 0.27 5.88 0.00 0.03
b2
2.03 1.99 -0.04
2.03 2.08 0.05
0.27 5.85 0.30 5.79 0.03 -0.06
0.27 5.85 0.30 5.79 0.03 -0.06
0.27 5.85 0.26 5.88 -0.01 0.03
0.27 5.85 0.26 5.88 -0.01 0.03
h3
2.03 1.96 -0.07
2.03 2.11 0.08
0.27 5.85 0.31 5.78 0.04 -0.07
0.27 5.85 0.31 5.78 0.04 -0.07
0.27 5.85 0.31 5.78 0.04 -0.07
0.27 5.85 0.26 5.87 -0.01 0.02
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Table 5: Distribution of partial charges of O and Am inside the muffin tin sphere 
at  the  t1,  b2  and  h3 sites  for  the  Hor1 approach  for  oxygen  molecule. 
Description of parameters and atoms is the same as in Table 4. 
Hor1
approach
Partial charges in muffin-tin
ΔQ = QA – QBBefore adsorption QB After adsorption QA
O p Am d Am f O p Am d Am f O p Am d Am f
t1b2+b2
2.03 2.09 0.06
2.03 2.09 0.06
0.27 5.85 0.24 5.91 -0.03 0.06
0.27 5.85 0.40 5.63 0.13 -0.22
0.27 5.85 0.40 5.63 0.13 -0.22
0.27 5.85 0.24 5.91 -0.03 0.06
b2 t1+t1
2.03 2.05 0.02
2.03 2.05 0.02
0.27 5.85 0.50 5.56 0.23 -0.29
0.27 5.85 0.50 5.56 0.23 -0.29
0.27 5.85 0.24 5.90 -0.03 0.05
0.27 5.85 0.24 5.90 -0.03 0.05
h3 b1+b1
2.03 2.07 0.04
2.03 2.07 0.04
0.27 5.85 0.48 5.62 0.21 -0.23
0.27 5.85 0.48 5.62 0.21 -0.23
0.27 5.85 0.24 5.88 -0.03 0.03
0.27 5.85 0.24 5.88 -0.03 0.03
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Table 6: Distribution of partial charges of O and Am inside the muffin tin sphere 
at  the t1,  b2  and  h3 sites  for  the  Hor2 approach  for  oxygen  molecule. 
Description of parameters and atoms is the same as in Table 4.
Hor2
approach
Partial charges in muffin-tin
ΔQ = QA – QBBefore adsorption QB After adsorption QA
O p Am d Am f O p Am d Am f O p Am d Am f
t1h3+h3
2.03 2.10 0.07
2.03 2.10 0.07
0.27 5.85 0.29 5.76 0.02 -0.09
0.27 5.85 0.29 5.76 0.02 -0.09
0.27 5.85 0.40 5.63 0.13 -0.22
0.27 5.85 0.27 5.87 0.00 0.02
b2 h3+f3
2.03 2.14 0.11
2.03 2.14 0.11
0.27 5.85 0.33 5.74 0.06 -0.11
0.27 5.85 0.33 5.74 0.06 -0.11
0.27 5.85 0.34 5.76 0.07 -0.09
0.27 5.85 0.27 5.86 0.00 0.01
h3 t1+b2
2.03 2.03 0.00
2.03 2.09 0.06
0.27 5.85 0.27 5.83 0.00 -0.02
0.27 5.85 0.27 5.83 0.00 -0.02
0.27 5.85 0.24 5.89 -0.03 0.04
0.27 5.85 0.59 5.61 0.22 -0.24
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 Fig. 1 (Color online) Side view and top view illustrations of six layers of bare 
(0001) surface of dhcp-Am.
38
Fig. 2 (Color online) Relaxation of (0001) surface of dhcp-Am. Δd12 is the percent 
relaxation of the subsurface layer and Δd23 is the percent relaxation of the surface 
layer. Total energy is shifted by a constant factor.
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Fig. 3 (Color online) Side view of O2 molecular adsorption on the Am surface at 
three different adsorption sites for the Vert approach: (a) one-fold top site t1; (b) 
two-fold bridge site b2; (c) three-fold hollow site h3.
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 Fig. 4 (Color online) Side view illustrations for the dissociation of O2 molecule on 
the Am surface for the Hor1 approach: (a) initial site t1, final sites b2+b2; (b) 
initial site b2, final sites t1+t1; (c) initial site h3, final sites b1+b1.
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Fig. 5 (Color online) Side view illustrations for the dissociation of O2 molecule on 
the Am surface for the Hor2 approach: (a) initial site t1, final sites h3+b3; (b) 
initial site b2, final sites h3+f3; (c) initial site h3, final sites t1+b2.
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 Fig.  6  (Color  online)  Difference  charge  density  distributions  Δn(r)  for  O2 
chemisorbed on the dhcp-Am(0001) surface at the most stable configurations 
corresponding to the Vert, Hor1 and Hor2 approaches. The scale used is shown 
at the bottom. Red (positive) denotes regions of charge accumulation and blue 
(negative) denotes regions of charge loss. Admolecule is colored green and Am 
atoms are colored gold.
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Fig. 7 (Color Online) 6d and 5f LDOS curves inside the muffin-tins for each layer 
of the bare dhcp-Am(0001) slab. Vertical  line through E=0 is the Fermi level. 
LDOS correspond to calculations with SOC.
44
Fig. 8 (Color Online): 6d and 5f LDOS curves inside the muffin-tins for the Am 
atoms on the surface layer and 2p LDOS curves for O2 admolecule for the Vert 
approach.  Vertical  line  through  E=0  is  the  Fermi  level.  LDOS correspond  to 
calculations with SOC. 
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Fig. 9 (Color Online): 6d and 5f LDOS curves for the Am atoms on the surface 
layer  and  2p LDOS  curves  for  O  atoms  inside  the  muffin-tins  for  the  Hor1 
approach.  Vertical  line  through  E=0  is  the  Fermi  level.  LDOS correspond  to 
calculations with SOC.
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Fig. 10 (Color Online): 6d and 5f LDOS curves for the Am atoms on the surface 
layer  and  2p LDOS  curves  for  O  atoms  inside  the  muffin-tins  for  the  Hor2 
approach.  Vertical  line  through  E=0  is  the  Fermi  level.  LDOS correspond  to 
calculations with SOC. 
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